Abstract -The anomalous resonance Raman effect in trans-polyacetylene is described quantitatively by assuming that the conjugations on the polymer chain are statistically interrupted by defects (particle in the box model). The A-term of the Albrechttheory and the Hückel approximation are used to evaluate the Raman cross section and the optical transition energies and transition moments, respectively. The good agreement with experimental results allowed to determine the distribution function for the defects on the chain. In the second part of the paper the particle in the box model is used to interpret Raman spectra taken during the cis-trans-isomerization, during sample degradation by exposure to air, and during the electrochemical doping process. In the latter case evidence for a reversible order-disorder transition is deduced from the experiments.
. INTRODUCTION
Polyacetylene has been the subject of intensive research work in physics and chemistry for several years (Ref. 1). Initially attention was mainly paid to electrical and magnetic properties of the polymer. More recently the anomalous resonance Raman effect of trans-polyacetylene was studied in detail and valuable information on the structure and the morphology of the polymer was evaluated (Ref. [2] [3] [4] [5] [6] [7] [8] [9] [10] . The Raman spectrum of the trans-polymer is anomalous since not only the scattering intensity but also the lineshape and the line position of some vibrational modes change with the energy of the exciting laser. This behaviour can be understood from the physical properties of the polyconjugated backbone if defects interrupt the conjugations statistically. In this case the It-electrons are confined to certain areas of various lengths and behave like particles in the box. The resonance Raman effect of the individual boxes may be expected to be strongly correlated to the resonance behaviour of oligoenes like -carotenes and the overall behaviour of the polymer is due to a photoselective resonance process.
In this paper we describe a model which allows a quantitative analysis of experimental results on the basis of a particle in the box system. After a short introduction to the structural properties of the polymer the first part of the paper (chapter 3-7) reviews the basic assumptions and the theoretical background of the model including a comparison with experiments. Very good agreement between experimental and calculated results is observed. Thus in the second part of the paper (chapter 8) applications of the model to problems in physics and chemistry of polyacetylene are reviewed. According to the good understanding of the experiments resonance Raman scattering is now becoming one of the key experimental techniques in the field. In particular the irreversible cis-trans-phase transition (Ref. 
STRUCTURE OF POLYACETYLENE
If polyacetylene is polymerized at low temperatures (-80°C) the metastable cis-geometry of the backbone shown in Fig. 1A is obtained. Baking the polymer even for a short time at elevated temperatures leads to a transition to the trans-geometry shown in Fig. lB . In both cases the P2 hybridized orbitals of the carbon atom undergo a-bonding to nearest neighbours whereas the 2Pz0r}t generates a fairly broad (12 eV) onedimensional It-electron band. Bond alternation as a consequence of a Peierls distortion splits the li-band and opens a gap of 1.4 and 1.8 eV for the trans-and the cis-isomer, respectively. The lower half-band is filled with electrons (valence band) and the upper half-band is empty (conduction band). Thus, due to spontaneous symmetry breaking on the chain polyacetylene is a Peierls insulator. Using a Ziegler-Natta catalyst for the polymerization (Ref. 13 ) thin films with 75-90% X-ray crystallinity and a fibrillar structure with a fiber diameter of 200 to 500 are obtained (Ref. 14) . The chain axis is parallel to the fiber axis (Ref. 15) . The X-ray scattering coherence length for transpolyacetylene was found 70-90 A and 100-130 A for directions perpendicular and parallel to the chains, respectively (Ref. 16 ). From very recent X-ray and C'3-NMR experiments the bond alternation in the trans-polymer was determined to be 0.03 A (Ref. 16, 17) . transition energies of septapreno s-carotene A cis-polyacetylene, B transpolyand trans-phytoene as shown in Fig. 1D and E. acetylene, C interrupted conjugation,, Both oligoenes have 9 double bonds. However, D septapreno s-carotene, E transin trans-phytoene the length of undisturbed phytoene.
conjugations (box length) is much smaller and thus the transition energy from the highest occupied to the lowest unoccupied molecular orbital is much larger. Vibrational symmetry species for the cis-polymer evaluated for 4 CH-units per unit cell and D2h symmetry on the chain are
Similarly, for the trans-polymer with 2 CH-units per unit cell and C2h symmetry on the chain
In the following only the trans-isomer will be considered. Its Raman spectrum has 5 characteristic lines at 1008, 1100, 1170, 1290, and 1500 cm1, respectively. The two lines at 1100 and 1500 cm are strongly resonance enhanced and show the anomalous Raman effect described above.
Since only the one with the high frequency has a simple bond stretching normal coordinate, the particle in the box model will only be applied and discussed for this mode though actually it holds similarly for the lower frequency mode as well.
EXPERIMENTAL RESULTS ON TRANS-POLYACETYLENE
If not specified explicitely all results shown below were obtained with a standard Raman spectrometer at nominally liquid nitrogen temperature. Intensities were calibrated using the 328 cm' line of CaF2 and the emission of an Osram Wi17/G tungsten lamp. Fig. 2A shows the photoselective resonance behaviour for the C=C stretch mode of a standard sample of trans-polyacetylene. Changing the wave-length of the exciting laser from deep red to purple leads to a substantial line broadening and line shift from about 1460 cm to typically 1520 cm with a broad shoulder extending to 1540 cm (Ref. 5) . Spectra are normalized to equal height. For deuterated trans-polyacetylene this effect is even more pronounced and a total shift of 140 cm1 has been observed. In both cases this shift covers rather exactly the frequency range observed for the C=C stretch mode in oligoenes with conjugation lengths varying from very small values to nominally infinity (Ref. 5). For samples polymerized and isomerized under special care the line shape changes substantially as shown in Fig. 2B . Particularly for spectra excited in the blue and purple spectral region a double peak structure develops. As will be shown below in detail the sharp low frequency peak is due to the crystalline part of the polymer with long undisturbed conjugations. The high frequency peak comes from the short segments in amorphous areas. The lineshape of the C=C stretch mode as excited with the 4579 $ laser line is now widely used as a standard to characterize sample quality. Lower scattering intensity at the 1500 cm1 band refers to less defects interrupting the conjugations.
Since the lineshape changes dramatically with excitation energy a simple excitation profile can not be determined. However, plotting the intensity of a particular Raman shift as a function of the energy of the exciting laser a diagram similar to an excitation profile can be obtained for the various Raman shifts. Fig. 3 shows a result for a high quality sample. The Raman cross section is plotted in arbitrary units. Open symbols are as obtained in our experiments (Ref. 19) . Intensities have been corrected for absorption and reflection and for spectrometer sensitivity. Full symbols are as reported by Lauchlan et al. (Ref. 20) . These data were multiplied by a constant factor to scale to our results. Full drawn lines are as calculated from the particle in the box model described below.
THE PARTICLE IN THE BOX MODEL
In the particle in the box model the trans-polymer is assumed to consist of a distribution where W is the angular frequency of the scattered light, n is the p0-component of the polarizability and the intensity of scattered light is givenin counts per second. For an electronically highly anisotropic system like the chains of polyacetylene the component of ap0 parallel to the chain axis will dominate which allows to restrict the evaluation to (azz)m,n. The transition polarizability is obtained from second order perturbation theory in the dipol version PmIR Je> <eJR In> <mIR e> <eIR In>1
zz m,n (5) only te two strongly resonance enhanced modes around 1100 and i500 cm have to be considered. Also, since in trans-polyacetylene the a are smaller than 1 the Franck-Condon integrals decrease rapidely with increasing v which allows to neglect large vibronic occupation numbers. Eq. (5) gives the transition polarizability for a particular segment. The quantities EI Pge = = p1, Fe, and a are characteristic functions of the number of double bonds N in the segment.
Using the evaluated transition polarizabilities a(N) the total Raman cross section is obtained from Eq. (1) if the individual contributions are weightened by the distribution function P(N) and a Lorentzian lineshape
where \) is the Raman frequency in wave numbers. Again the damping constant F and the C=C stretch frequency 2 are characteristic functions of N. The final relation fr the Raman lineshape yields 23
where C is a constant. This equation describes quantitatively experimental lineshapes and line intensities for any laser line E0 if the experiment is properly corrected for absorption and reflection. It should be stressed that P(N) is a distribution of segments and not the fraction of the polymer material in segments with a particular length N. This quantity is rather given by NXP(N).
PHYSICAL PROPERTIES FOR THE INDIVIDUAL SEGMENTS
To evaluate Eq. (8) (10) where A(I) is a fitting parameter of the order of one. For the first four transitions it has the values 1.5, 3, 4, 6, respectively. It should be mentioned that the transition energies evaluated here do not rely on periodic boundary conditions. Thus they are valid for very short and long segments simultaneously. The values for f3 and 2 may be chosen to give the correct bond length for the single bond and the double bond, respectively and the correct absorption energies for finite polyenes or to give the correct total band width. In both cases the gap energy for the infinite long segment 2U31-132) should be 1. The electronic transition matrix elements p1(N) may be evaluated on the Hückel level as well using either the dipol approach or better the momentum approach. p1(N) = mgII1eI (11) The transition matrix elements show a rapid increase with N for N3O. Above this value the relation p1(N) becomes fairly flat and the matrix elements finally approach a constant. Up to 150 double bonds the behaviour of p1(N) is well described by a potential law (Ref. 23) . For the simplified treatment of the problem again the Hückel results for the lowest v_Tr* transition may be replaced by a simple relation. p1 N/2 for N30 and constant for N>30 will be a good approach in this case. With increasing transition energy p1(N) decreases rapidly, no matter whether the increase in transition energy is due to constant values of N and increasing values of I or constant values of I and decreasing values of N. This behaviour is documented by Fig. 4 where we have plotted p as a function of the transition energy. The full drawn line is i/ca. The behaviour even holds, if the transition energy is increased by introducing a special type of defect to the chain as shown by the lines in the upper right part of the figure. In these cases the transition energies and transition moments were calculated on the HOckel level or on the CNDO level for a 30° twist of the chain. The general and from N and I independent relation between p1 and E for long segments is typical for the solid state limit.
The relation between vibrational frequency V and segment length N can be obtained from a study of finite polyenes. Relation of the form
for the C=C stretch mode and
for the mode at 1100 cm may be used. Depending on which series of oliogenes is considered, B2 may vary from 820 to 460 cm' and A2 from 1450 to 1460 cm. Fig. 5 shows relations according to Eq. (12a) for various oligoenes. A rough estimate for the relation between \) and N may be obtained directly from the experiment if the photoselective resonance is assumed to dominate the lineshape. The peak position of the Raman line for the C=C stretch mode is then determined by the particular segment for which the laser energy matches the gap energy. Thus, using Eq. (10) the corresponding segment length can be determined. The symbols in Fig. 5 refer to experimental results obtained in this way for various samples. The error bar reflects the scattering of experimental results and thus characterizes the influence of the sample specific distribution function on the line position.
For the N-dependence of the coupling constants a between the electronic and vibronic states an extrapolation of experimental results obtained by Granville et al. (Ref. 26) for several oligoenes up to dodecahexaene may be used. In the corresponding work a Franck-Condon analysis of optical absorption is used to obtain normal coordinate displacement LIQ and bond length change 1r in the form IIQ = r (cmN/2h)2 = a (V/N)2 (13) where c is the light velocity and \) is the mode frequency in wave numbers. These results yield for the 1500 cm and the 1100 cm mode, respectively To check the agreement between experiment and calculation it is sufficient to compare some individual lineshapes as shown in Fig. 6 . Correction for absorptions and reflections was obtained by multiplying the calculated spectra with
where R and K are the reflection and absorption coefficients as obtained from optical data reported by Fincher et al. (Ref. 27) . These correction factors scale from 1 to 1.6 for a transition from red to blue laser light. Intensities for calculated and measured spectra were matched only for the peak position of the red laser excitation The general good agreement strongly supports the interpretation of the anomalous Raman effect as a photoselective réso-nance process and justifies the particle in the box model for a quantitative interpretation of the lineshapes. From the parameters in Tab. 1 we may obtain the distribution of material on the various segments. Accordingly Fig. 7 shows NP(N) as a function of N. The distribution is dominated by a broad peak around 50 double bonds and shows a second smaller peak around 10 double bonds. These peaks may be interpreted as coming from the crystalline and amorphous parts of the sample. 50 double bonds correspond to a total coherence length of 140 A in excellent agreement with results from X-ray scattering. Since for segments longer than 40 double bonds the physical properties merge into the solid state limit and thus can not be discriminated any more it is useful to plot the amount of material M(N) in segments longer than N as a function of N. This quantity is obtained from P(N) by Nmax Nmax
N'=N N'=Nmin
The result is plotted in Fig. 7 as broken line. If the break between amorphous and crystalline material is somewhere between 10 and 20 double bonds 75 % to 90 % of the material is in crystalline areas again in agreement with X-ray results.
Eq. (8) also allows to calculate the excitation profile shown in Fig. 3 , if V is kept constant and Evaries over the visible range. The full drawn lines in the figure are results of a similar but slightly simplified version of the calculation. Again satisfactory good agreement between calculation and experiment is obtained. The parameter values for r and Fe need some discussion. A is the damping constant in units of cm' for very long segments. Its value is well defined by the very steep low frequency edge of the Raman lines. The high value of B would yield a damping constant of e.g. 66 cm1 for N=6. This large value is definitely not due to a life time but rather due to an inhomogeneous broadening. As can be seen from the dashed line in Fig. 5 it correlates indeed well with the range of vibrational frequencies expected for polyenes with various end groups. The parameters for Fe yield 1200 cm1 and about 600 cm1 for the long and very short segments, respectively. The large values for the long segments may be due to better relaxation channels in these segments (Ref. 28)
VIOLATION OF THE q-SELECTION RULE AND NATURE OF DEFECTS
Though there is general good agreement between the calculated and observed results some details of the experiments are not well represented. The discrepancy in line intensities is e.g. likely due to an error in the calibration of the spectrometer which is a serious problem for the broad spectral region considered. The disagreement of observed and calculated widths of the Raman lines is also a general experience. It is probably due to an insufficient consideration of the range of vibrational frequencies for a particular segment length. The range may be larger than pointed out in Fig. 5 . In addition the selection rule for momentum conservation in the scattering process will be more and more violated for shorter segments because the wave vector q is not a good quantum number any more. Thus modes with qO will contribute to the scattering process. From the dispersion relation vibrations with increasing q have increasing frequencies and may thus also cause a line broadening. A classical treatment of the problem showed that this effect can contribute to the lineshape for segment lengths between 8 and 15 double bonds which is just the range which determines the high frequency part of the Raman lines. A contribution from shorter segments is prevented by the discreteness of the qvectors and a contribution from longer segments by the validity of the q-selection rule.
Very little is known about the structure of the defects interrupting the conjugation. Fig. 8 shows some examples. Carbonyl groups (A), hydroxyl groups (B) or similar side groups will definitely interrupt the conjugations in the sense shown in Fig. 1 . Also a simple cross link (C) or a Diels-Adler cross link (D) will cause a complete interruption of the it-electron system. Other defects like a single locked in cis-segment (E) or a chain fold (F) may not separate two segments completely. Similarly chain bending, chain twisting or polarization effects (G) may act as weak interruptions of conjugations. Finally, a trapped or untrapped bond alternation defect (soliton) (H) may be considered as a chain defect. However, since solitons tend to delocalize the it-electrons they will probably not interrupt conjugations in the sense of Fig. 1 .
The question for the magnitude of an interruption necessary to completely cut a segment into two pieces may be put forward. From a very simple particle in the box study the principle answer can be given as shown in Fig. 9 (Ref. 29) . The energies of the states are plotted as a function of a perturbing potential V = V06(x-x )at a position x0 in a box ranging from -a to +a. As can be seen, even small perturbations feed to an increase of the energies and thus to an increase of the transition energies until finally, after complete interruption of the Fig. 4 of section 5 show that the general behaviour of these defects is similar to defects causing a complete interruption of the conjugation.
30). Preliminary results for the transition matrix elements discussed in

APPLICATIONS
Since even details of the Raman spectrum of trans-polyacetylene are basically well understood this technique provides a valuable tool to obtain information on several properties of the polymer like cis-trans isomerization dynamics, doping behaviour, degradation or electrochemical charge storage capability etc.
Cis-trans isomerization
The irreversible cis-trans phase transition is one of the still unsolved problems of polyacetylene. It starts with an activation energy around 16 Kcal/mol and continues with about 30 Kcal/mol (Ref. 8, 31) . Both values are too small to allow substantial breaking of double bonds by radical generation which would be necessary for a rotational transition from the cis-to the trans-geometry. Since the Raman spectra of the cis-isomer and the trans-isomer are characteristically different a study of the spectra in the state where cis-and transpolyacetylene are present simultaneously allows to investigate details of the phase transition. Fig. 10 shows a series of spectra obtained during a thermally induced cis-trans isomerization starting with cis-polyacetylene on the top and ending with trans-polyacetylene on the bottom. The three large peaks at 905, 1250, and 1530 cm1 are characteristic for the cis-polymer. The broad peak at 1100 cm and the shoulder at 1500 cm are from a small trans-fraction always present in an as prepared cis-polymer sample. Since the blue laser is in resonance for the short segments of the trans-polymer but off resonance for the cis-polymer the intensities of the corresponding lines are not directly proportional to the amount of material in the two phases. Initially only about 10% trans-polyacetylene is present. Starting isomerization the line for the C=C stretch mode grows around 1480 cm1 which according to Fig. 5 corresponds to fairly short segments or to an isomerization of the amorphous areas of the polymer. Only in the medium and final parts of the isomerization process the peak at 1456 cm1 corresponding to the crystalline part of the sample grows and finally levels off with the peak of the short segments. Thus the low values of the activation energy for the isomerization are shown to be due to an initiation of the isomerization process by defects.
The evolution of the spectra during isomerization is quite different if the process is studied with deep red laser light in the region of 6700 K. In this case the cis-polymer is off resonance and already transparent for the exciting laser but the small amount of transpolymer suspended in the cis-polymer matrix is still excited in resonance. The increased scattering volumen causes an enhancement of its Raman lines over the lines of the cis-polymer v(cm')-- 
Degradation
One possibility to learn about details of the defects interrupting the conjugation is to degrade the sample artificially. Since reaction with oxygen is probably one main reason for degradation the response of the Raman spectra of a high quality sample to an exposure to ambient conditions is interesting. Fig. 12 shows the results for an exposure up to 42 days (Ref. 33) . Though the general behaviour shows the expected degradation of the sample the stability of the spectra is surprising. Even after one day exposure only very little change in the lineshape can be observed. After 42 days exposure the part of the lines comming from the short segments increased considerably but the total line for e.g. the C=C stretch mode has not yet reached a shape comparable to the one shown in Fig. 2A for a standard material. The solution of the puzzle may be due to the twofold activity of the oxygen. Oxygen can react chemically with the polymer chain to form a covalent bond and thus interrupt conjugations. On the other hand it acts as a dopand and thus oxidizes the polymer by charge transfer. In this case experiments with other dopands proved (Ref. 4, 7) that the resonance conditions are weakened because electronic states are transferred from the conduction and valence band to the middle of the gap (Ref. 34). As will be shown below doping starts in the disordered areas and thus the contribution of this part of the polymer to the spectrum is weakened.
Doping
Doping polyacetylene with various oxidizing or reducing species like I, FeC13, A5F5, Li, Na, etc. was extensively studied (Ref. 1). As mentioned already in Raman experiments doping always reduces the resonance effect. Another general feature is a considerable upshift of the C=C stretch mode. This effect is particularly well expressed if cis-polyacetylene is p-doped. In this case the spectra of the doped samples are characterized by weak and broad bands at positions corresponding to a highly disordered trans-polymer. Thus it was concluded that doping induces cis-trans isomerization and also a high degree of disorder (Ref. 4, 35) possibly by chemical reaction of the dopand with the polymer. Applying the reversible electrochemical doping procedure and studying the change of the Raman spectra during doping in situ revealed new insights in the mechanism of the doping process. Electrochemical doping of polyacetylene is performed by dipping the polymer into an electrolyt and either short circuiting it with a counter electrode (spontaneous doping) or applying an electromotoric force between the polymer electrode and the counter electrode (Ref. 36) . For a more controlled doping procedure a standard reference electrode may be used to dope the polymer at a well defined potential. To the first approach the chemical nature of the doping mechanism is regarded as identical to the mechanism for doping from the gas phase. The dopand oxidizes or reduces the polymer or, more specifically, it establishes charge neutrality for the electrochemically oxidized or reduced chain. Fig. 13 shows the change of the Raman spectra during an electrochemical p-doping process for cis-polyacetylene in an electrolyte of propylene carbonat and LiC1O4 (Ref. 11). Doping was performed at 3.95 V versus a Li-reference electrode. Spectrum 1 is characteristic for a cis-polymer with approximately 35% trans-content as determined from the lines at 1100 and 1500 cm. With increasing doping time (spectra 2 and 3) only the lines from the transisomer are effected. From the peak position of these lines and from the discussion in connection with Fig. 10 and Fig. 12 we conclude that initially only the short segmented transpart of the polymer dopes up to a saturation level. The intensity of the lines from the cisisomer increases up to about 5% overall doping concentration. Only after continued doping (curve 4) the lines also start to decrease and finally a weak spectrum with broad lines characteristics for a highly disordered trans-polymer is observed (curve 5). It is very similar to spectra for heavily A5F5-doped cis-polyacetylene (curve 6) (Ref. is good enough to support the suggested two phase doping mechanism. Electrochemical undoping is performed by reversing the condition for doping. Fig. 15 shows the change of the line from the C=C stretch mode during undoping. In the initial part of the process the peak of the line shifts from 1570 cm1 to 1460 cm1 where it is expected for a high quality trans-polymer sample (curves 1 and 2). About 30% of the stored charge is released during this process but no recovery of the resonance effect is observed. Only after the downshift of the line is established it starts to grow and finally takes the shape of a line in a very high quality transpolymer (curve 3). The reversibility of the upshift and the downshift of the C=C stretch mode gives evidence that the doping induced disorder is not due to covalent chemical bonding. Rather a defect of type G in Fig. 8 may be responsible for it. By repeating the charge and discharge process the effect of cycling on the lineshape may be studied (curves 4 and 5) . As can be seen, successive cycling increases the high frequency part of the peak for the C=C stretch mode and thus decreases the overall conjugation length. A detailed investigation of the effect of cycling on the Raman spectrum was recently performed by Wieners et al. (Ref. 38) . It was observed that after 27 cycles a reasonable degradation of the polymer had occurred. Electrochemical doping and cycling of thermally isomerized polyacetylene was recently found by Muller et al. (Ref. 39) to give very similar results. In particular it was observed explicitly that the part of polymer with short conjugation lengths dopes first.
CONCLUSIONS
The good agreement between calculated and experimental results with respect to the lineshape and line intensity of the C=C stretch mode proves that the interruption of the conjugation by defects is the correct interpretation of the anomalous resonance Raman effect in transpolyacetylene. This result is further supported by the strong dependence of the lineshapes on sample quality and sample treatment. Details of the shape of the distribution functions evaluated from the fit of the calculated lineshapes to the experiment must be taken with care. The bimodal character of the distribution functions is significant but the exact position and shape of the distribution of long segments is not very well defined. Physical properties for segments longer than 40 double bonds are not significantly different any more. Distribution functions of the type P(N) 1/Nx used in the previous calculations overestimate the short segment fraction of the polymer (Ref. 9) even if they are cut off at 3 or 4 double bonds. This is due to the strong dependence of the coupling constants a on N.
It has been suggested to interprete the high frequency part of the C=C stretch mode as hot luminescence secondary emission of long segments only (Ref. 40) . Due to the strong extrinsic nature of the emission, this explanation does not seem to meet details of the recent experimental results. Very recently Z. Vardeny et al. showed that the Raman spectra in trans-polyacetylene can be explained alternatively by assuming a distribution in the electron phonon coupling constant instead of a distribution in the conjugation length (Ref. 41) . Since the localization of the electrons and their coupling to the lattice is directly related this interpretation appears to have at least the same roots as the particle in the box model described above. From the distribution P(N) of segment lengths one can immediately derive a distribution in the coupling constant a by using Eq. (14) . However, in detail the coupling constant a used in Eq. (6) and the coupling constant used in the work of Ref. 41 are different.
The good understanding of the Raman spectra suggests to use the evaluated results for interpreting other physical properties of the polymer. Qualitative correlation between lineshapes of the C=C stretch mode and line widths of the ESR line has been observed. However, so far quantitative relation between these properties of the polymer was neither studied experimentally nor theoretically. Also the important question on the mechanism of the conductivity may be discussed within the prediction of the particle in the box model. First experimental results in this direction were recently reported by I. Harada (Ref. 12) . It was found that samples with a low concentration of short segments yield a higher electrical conductivity after doping to saturation. This means that the crystallinity and thus band conduction plays an important role for the conduction mechanism.
